An Apple He-based system is described that generates both machine-readable and humanreadable numbers for recording with visual information on videotape. Hardware and software components of the encoding system are detailed. An automatic decoding system that reads the numbers from videotape into computer memory is also described. Current applications of the system are briefly discussed. Barnes, Haith, & Roberts (1988) recently described the desirability of merging digital information with video images when recording behavioral events on videotape. The ability to record visual aspects of complex behaviors simultaneously along with digital representations of stimuli or response conditions allows the synchrony of all events to be retained in the permanent visual record. This eliminates the need of creating and managing separate timestamped computer files that may exceed computer memory for lengthy experimental sessions. Having information recorded in computer-readable form eliminates much of the tedium associated with manually decoding events upon videotape playback. Barnes et al. described a system that allows the recording and decoding of a limited amount of digital information on a single line of video that lies above the normally visible video field. The technique requires the construction of customized circuitry for both the encoding and the decoding portions of the system. The present report describes an alternative system that utilizes off-the-shelf computer and video hardware to generate both machine-readable and human-readable information that occupies a small portion of the visible video field. The display software can generate up to 40 digits of information that occupy 14 lines of a standard 251-line video frame. Upon playback, the user can either read the digits manually or use a customized decoder to read the digitized information directly into a computer.
Apple lIe computer is equipped with a Video Associates VB-3e Micro-Keyer board. The VB-3e converts the Apple's video output to an NTSC-standard signal that can be genlocked to any other NTSC video source. The converted video signal is combined with a second video source (such as the output from a color television camera; e.g., Panasonic WV-3260) via a commercial video mixer or a special-effects generator (e.g., lVC KMI200SPG). The combined video is then recorded using a high-quality industrial videocassette recorder (VCR; e.g., Panasonic AG-63(0). All of these components, including the highquality video equipment, can bepurchased "off the shelf' and can be configured with a minimum of effort for about $7,000.
The software portion of the encoding system makes use of the high-resolution graphics screen of the Apple lIe computer. Each line of the Apple's graphics screen can be divided into 280 on/off dots. By combining several lines of video, one can create a highly readable set of characters as well as a very reliable digital code. Figure 1 shows the character set used in the current encoding scheme. Each character fits within a 7 x 14 matrix. The upper six lines of each matrix are reserved for a simple digital code consisting of line segments that are seven dots long and are either entirely "on" (white) or entirely "off' (black). This part of the matrix constitutes the machine-readable portion of each character. It is separated from the bottom portion of the matrix by a single blank line. The bottom seven lines are reserved for a more complicated pattern of on/off dots that constitutes the human-readable portion of the characters. As can beseen, there are 10 "visible" characters representing the numerals 0 through 9, plus 6 "invisible" characters that can be used as start or stop characters or as any other kind of character defined by the user.
The Appendix contains a machine-language subroutine entitled "Numbers" that is used to generate the above character set and to write these characters to preselected positions along the top of the high-resolution screen. A 40-position character buffer is reserved in memory for informing the subroutine which of the 16 available charac-
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Copyright 1989 Psychonomic Society, Inc. Figure 1. Dot-matrix pattern of the character set generated by the assembly-language program "Numbers."
ters should be placed in each of the 40 high-resolution screen positions.
The Appendix also contains a sample Basic program that can be used to "poke" values into the character buffer and to call the machine-language subroutine to display the buffer. To run the program, an Applied Engineering Time Master II clock card should be installed in Slot 5 in the Apple. Two game paddles or joysticks with pushbuttons should also be connected to the Apple's game port via an SCRG Paddle-Adapple or equivalent game-port expander.
The sample program first interrogates the user to provide a six-digit subject-identification code that will be displayed in Positions 15 through 20 on the high-resolution screen. The user is also asked if the automatic decoder will be used for decoding the information on playback. The program then reads the clock card and pokes the current date and time in Positions 1 through 4 and Positions 7 through 12, respectively. If the automatic decoder will be used, the date information normally displayed in Positions 1 through 4 is replaced with a four-digit decoder start code. The program then "peeks" to four locations in the Apple lie's memory reserved as flags for indicating the status of the four game paddle or joystick pushbuttons. It then pokes these values into Locations 37 through 40 in the display buffer. Finally, the program displays the contents of the buffer on the high-resolution screen. The program continues to update the displayed time and pushbutton information at the rate of three times per sec. Faster update rates are possible using all machinelanguage programming. The update rate depends on the amount of information to be displayed and the amount of preprocessing needed to acquire it. The theoretical limit on display rate is set by the video-frame rate of 30 times per second. Figure 2 shows the output of a slightly more sophisticated program that uses the Numbers subroutine combined with a split-screen display of 2 subjects involved in a cooperative video game (see Wellens & Ergener, 1988) . The automatic decoding option has been chosen; therefore, Positions 1-4 contain a special start code consisting of three "invisible" characters plus the number "5." This is followed by the date (MTH:DA) in Positions 5-8, the time (HR:MIN) in Positions 10-13, and the assigned subject-identification number in Positions 15-20. The heart rates of up to 4 subjects (each divided by two to fit into a two-digit display format) are displayed in Positions 22-29, respectively. The state offour momentarycontact switches (0 = off, 1 = on) used for controlling communication between team members is displayed in Positions 31-34. Finally, the output of four speechdetection circuits (0 = silent, 1 = talking) used to monitor the vocal activity of up to 4 subjects is displayed in Positions 36-39. As can be seen, there is ample room below the digital information to capture full-face images of 2 subjects as well as the electronic game boards to which they are attending.
DECODING SYSTEM
When a videotape containing the encoded information is played back on a VCR, the numerals representing the encoded data are clearly visible along the top of the playback monitor. The observer can watch the encoded information change in relation to the behaviors recorded on the remainder of the video image. If the appropriate start code has been included in the display, a specialpurpose decoder can be used to send the encoded information directly to computer memory.
The decoding hardware consists of a special-purpose video-detectioncircuit connected to an Apple lie computer via a slot-mounted interface card. The decoding circuit synchronizes itself to the video output of the playback VCR by way of a sync separator that detects the vertical and horizontal sync pulses in the VCR's composite video output. It is important that a high-quality VCR be used for both recording and playback to ensure stable video and synchronizing signals. Decoding of characters within the video field is accomplished via template matching.
A block diagram of the video decoding system is shown in Figure 3 . A more detailed schematic diagram showing individual components of the system may be obtained from the authors at no charge. The main components of the system are a sync separator, a control circuit, a video digitizer, and a decoder circuit consisting of a series of shift registers, look-up tables, adders, and a comparator. Raw data are extracted from the VCR composite video signal and processed data are memory-mapped into the Apple lie via a card plugged into one of its available expansion slots. "Handshaking" occurs between the decoder's control circuit and a machine-language program running as a background program within the Apple lie.
The decoding system runs as follows. When the sync separator detects a vertical sync pulse that marks the beginning of a new video field, it enables a timing circuit that delays the onset of video sampling until the first line of encoded digital information. At the end of this fixed time period, the digitizer begins sampling each horizontal video line at a rate of 328 samples per line, and continues for six lines. This sampling rate allows some room for timing errors and ensures that the 280 bits of encoded information (40 characters x 7 bits) per line is captured along with some empty bits both preceding and following the critical character set.
The digitizer is a simple comparator circuit the output of which is high if the sampled video signal is at least 60% over the black level relative to the white level. This allows the digitizer to discriminate between the white and black dots placed in the video field by way of the encoding system. The output of the digitizer is fed directly into six shift registers, each 328 bits long and chained serially to one another. Thus, when digitizing begins, the bits streaming out of the digitizer wind their way down the series of six shift registers in snake-like fashion. By the end of the digitizing phase, the encoded information from the first line of code for all 40 character positions is contained in the shift register at the bottom of the stack, and the bits for the sixth line of code for all character positions are contained in the shift register at the top of the stack. All data are shifted one bit at a time through the shift registers until the first encoded start character is detected via template matching.
Template matching is accomplished by connecting the last seven bits of each shift register to the first seven address lines of six 2K X 4 bit programmable read-only memory (PROM) chips. These PROMs are used as correlators to identify the pattern on each line for each character. Each PROM contains a look-up table for the pattern associated with a particular line of each of the 16 characters. The upper four bits of each PROM, which can be set from the computer interface, are used for selecting one of the 16-character templates.
Correlation in this case is defined as an "exclusive or." If the bits in each location in the template match the incoming data, the result is 1; otherwise, it is O. The total result for each template comparison is computed by means of a series of full adders. The maximum value across all six look-up tables is equal to 42. Any desired threshold value may be placed in a comparator to provide a "character-detect" signal. The total result of the correlator, as well as the result of the comparator match, is available at the computer interface.
The protocol for decoding is as follows. When the computer is ready to receive data, it polls the ready line. The ready line is set during the vertical blanking interval of the incoming video signal when ,,11 the shift registers are cleared. The computer then sets the template to the first of four start characters through the upper four bits of the PROMs. The start characters consist of two of the first "invisible characters" shown in Figure 1 , followed by the character "5," which is the invisible character's inverse, and then a repeat of the first invisible character.
After the template and threshold values have been set for the first start character, the data in the shift registers are shifted one step at a time until a character-detect signal is sent from the comparator. Receipt of the characterdetect signal automatically initiates a "hold" signal that locks the data in position within the shift registers. Then a check for a false detect is accomplished by changing the template to the "5" character and initiating shifting once again. If the comparator detects the "5" character within an acceptable number of shifts, the template is assumed to be synchronized with the character positions, and the rest of the data is analyzed. Otherwise, there is a false detect and the computer disables the hold and waits for the next ready signal.
Once the start characters have been confirmed, the retrieval of data is accomplished by sending seven shift signals at a time to the control circuit, and comparing the contents of the last seven bits of each shift register with each template and selecting the maximum correlation obtained as the character detected in that position. This process is repeated for the remainder of the 40 data positions. When all the data have been sent to the computer, the hold is disabled and the process is repeated for the next frame of video. This method of template matching is extremely quick and can be accomplished in real time.
CURRENT APPLICATIONS
The DataVision system has been used primarily to record and decode physiological information in combination with videotaped records of behavioral events. An early version of the system that "hid" encoded infonnation above the normally visible video field, similar to that reported by Barnes et al. (1988) , was used by Cardon (1985) to record beat-to-beatheart rate information of subjects who were being interviewed over a two-way television system (Wellens, 1979) . Experience with this early system led to the development of the current "visible" system that records highly readable characters within the video "safe zone" and allows the experimenter to monitor the status of all recorded information continually.
More recent studies have also used the DataVision system. POlO, Carver, Wellens, and Scheir (1988) used the system to record heart-rate and blood-pressure infonnation of subjects while simultaneously recording closeup facial records of each subject and a pretaped interviewer (see Wellens & Ergener, 1986 ). Gonzalez et aI. (in press) used the system to record the heart rate of children, along with their behavioral reactions, while receiving hypodermic injections. Wellens (1987) used the system, as configured in Figure 2 , to record heart rate and talking data of team members playing a cooperative computer game. A duplicate of the last system is currently being used in a series of experiments dealing with team performance at the Armstrong Aerospace Medical Research Laboratory at Wright-Patterson Air Force Base.
Because the encoding portion of the DataVision system requires no customized circuitry, several experimenters can collect data independently using their own Apple lIe computers and VCRs. As videotapes accumulate, a single decoder can be used as a central resource. For some applications, when experimenters simply want to keep a permanent record of running time and date information on their videotapes, no automatic decoder is needed.
AVAILABILITY
The Appendix contains the machine-language software needed to generate the character set used in the DataVision system. The Appendix also contains a sample Basic program that demonstrates how to poke data to a memory buffer for display on the Apple's high-resolution graphics screen. This software, together with the computer and video hardware described in the preceding text, is all that is needed for the encoding part of the system. The decoding part of the system is more complex and requires several customized chips and an experienced engineer for constructing and testing the digital circuits. Schematics DATAVISION 405
for the decoding circuit and its accompanying control circuit are available free of charge from the authors. 
